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The  ability  of Ca2+, the  simplest  of  all intracellular  messengers,  selectively  to  regulate  so  many  cellu-
lar  behaviours  is  due  largely  to  the  complex  spatiotemporal  organization  of  intracellular  Ca2+ signals.
Most  signalling  pathways,  including  those  that  culminate  in  Ca2+ signals,  comprise  sequences  of
protein–protein  interactions  linked  by  diffusible  messengers.  Using  speciﬁc  examples  to  illustrate  key
principles,  we consider  the  roles  of  both  components  in  deﬁning  the  spatial  organization  of  Ca2+ sig-
nals.  We  discuss  evidence  that  regulation  of  most  Ca2+ channels  by Ca2+ contributes  to  controlling  the
2+ 2+ 2+
yanodine receptor
tore-operated Ca2+ entry
wo-pore channel
duration  of  Ca signals,  to signal  integration  and,  via  Ca -induced  Ca release,  to  deﬁning  the  spatial
spread  of  Ca2+ signals.  We  distinguish  two  types  of  protein–protein  interaction:  scaffolds  that allow  rapid
local  transfer  of  diffusible  messengers  between  signalling  proteins,  and  interactions  that  directly  trans-
fer information  between  signalling  proteins.  Store-operated  Ca2+ entry  provides  a  ubiquitous  example  of
the  latter,  and  it  serves  also  to  illustrate  how  Ca2+ signals  can  be  organized  at  different  levels  of spatial
organization  – from  interactions  between  proteins  to interactions  between  organelles.
 © 2011 Elsevier Ltd. 
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Open access under CC BY-NC-ND license.. Introduction
Spatial organization distinguishes a cell from a heap of
olecules, and within signalling pathways it deﬁnes the routes
Abbreviations: AC, adenylyl cyclase; AKAP, A-kinase-anchoring protein; [Ca2+]c,
ytosolic free Ca2+ concentration; calmodulin, CaM; Cav, voltage-gated Ca2+ channel;
ICR, Ca2+-induced Ca2+ release; ER, endoplasmic reticulum; IP3, inositol 1,4,5-
risphosphate; IP3R, IP3 receptor; LTD, long-term depression; NAADP, nicotinic
cid  adenine dinucleotide phosphate; PKA, cAMP-dependent protein kinase; PLC,
hospholipase C; PM,  plasma membrane; PMCA, plasma membrane Ca2+-ATPase;
LC, phospholipase C; Po, single-channel open probability; PTH, parathyroid hor-
one; RyR, ryanodine receptor; SERCA, SR/ER Ca2+-ATPase; SOCE, store-operated
a2+ entry; SR, sarcoplasmic reticulum; STIM, stromal interaction molecule; TMD,
ransmembrane domain; TPC, two-pore channel.
∗ Corresponding author.
E-mail address: cwt1000@cam.ac.uk (C.W. Taylor).
1 These authors contributed equally to this work.
084-9521 ©  2011 Elsevier Ltd. 
oi:10.1016/j.semcdb.2011.09.006
Open access under CC BY-NC-ND license. through which information passes [1,2]. All signalling path-
ways require interactions between proteins, and most comprise
sequences of protein–protein interactions linked by small diffusible
messengers (‘second messengers’). A typical route to a cytoso-
lic Ca2+ signal, for example, begins with extracellular adrenaline
binding to an 1-adrenoceptor. The active receptor then initiates
a sequence of interactions between proteins associated with the
plasma membrane (PM) leading to activation of phospholipase
C (PLC) and so formation of the diffusible messengers, inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (Fig. 1). The next step
requires that IP3 diffuses within the cytoplasm between mem-
branes to reach IP3 receptors (IP3R), most of which are expressed
in membranes of the endoplasmic reticulum (ER) [3].  Activa-
2+tion of IP3R allows Ca release into the cytosol (Section 2). As
Ca2+ diffuses away from IP3R it encounters many Ca2+-binding
molecules, including some, like calmodulin (CaM), that change con-
formation when they bind Ca2+ [4].  This allows them to initiate
V. Konieczny et al. / Seminars in Cell & Devel
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Fig. 1. Ca2+ signalling pathways involve both protein–protein interactions and
diffusible messengers. A typical signalling sequence begins with a diffusible extra-
cellular messenger (adrenaline) binding to a G-protein-coupled receptor. The active
receptor interacts with the G protein, Gq, causing it to shed GDP and then bind GTP.
The  dissociated G protein subunits bind to phospholipase C (PLC) to increase its
catalytic activity, leading to formation of the diffusible messengers, IP3 and diacyl-
glycerol (not shown). Binding of IP3 to its receptor (IP3R) stimulates opening of the
Ca2+ channel and release of another diffusible messenger Ca2+ into the cytosol. Ca2+
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2+inds to both buffers (not shown) and to proteins, like calmodulin (CaM) which
ropagate the signal onwards via further protein–protein interactions (arrow) to
licit  the ﬁnal cellular response, contraction of smooth muscle, for example.
urther protein–protein interactions that culminate in a physiolog-
cal response: contraction of smooth muscle, for example (Fig. 1).
he important point to emerge from considering these core ele-
ents of a Ca2+ signalling pathway is that the spatial organization
f Ca2+ signalling requires that we consider both relationships
etween proteins (Section 3) and the mechanisms that constrain
he mobility of diffusible messengers.
In Sections 3 and 4 we consider speciﬁc examples of how direct
nteractions between proteins contribute to the spatial organi-
ation of Ca2+ signals, but it is worth emphasizing how these
nteractions ultimately depend upon the mechanisms that direct
ach protein to its subcellular destination, commonly the mem-
rane of a speciﬁc organelle. The details lie beyond the scope of
his review, but the mechanisms can include trafﬁcking of mRNA
5]; targeting of proteins, via their own ‘address labels’ or by associ-
tion with other proteins, to speciﬁc membranes [6];  movement of
roteins within their host membrane [7];  and dynamic movements
f intracellular organelles. A recent review considers some of these
ssues and their signiﬁcance for Ca2+ signalling [8].
Ca2+ is unusual among diffusible messengers in that it is an ele-
ent; almost all other intracellular messengers are molecules. The
ifference has important consequences for the spatial organization
f intracellular messengers. Cytosolic Ca2+ signals are invariably
enerated by opening of a Ca2+-permeable channel straddling a
embrane (usually the PM or ER) across which there is a Ca2+ gra-
ient [9].  Ca2+ can move very rapidly through these Ca2+ channels
∼106 Ca2+/s). The enzymes that synthesise molecular intracellular
essengers are much slower: PLCs, for example, may  have turnover
umbers of only ∼30/s [10]. Clearly, Ca2+ can be delivered to the
ytosol much more rapidly than other messengers.
Termination of Ca2+ signals requires active transport of Ca2+
cross a membrane, while inactivation of molecular messengers
equires their degradation. Both processes are, with the exception
f the mitochondrial Ca2+ uniporter (a Ca2+ channel) [11], mediated
y enzymes and therefore occur with relatively low turnover num-
ers (kcat, typically 1000/s) [12]. These include Ca2+-ATPases for
2+ 2+a sequestration (kcat ∼10/s for SR/ER-Ca -ATPase) [13] and var-
ous enzymes for covalent modiﬁcation of molecular messengers.
here is, however, a notable difference: local degradation of a mes-
enger can be achieved by recruiting an enzyme, a cyclic nucleotideopmental Biology 23 (2012) 172– 180 173
phosphodiesterase anchored to a scaffold protein for example [14],
whereas local termination of a Ca2+ signal requires an appropriately
positioned membrane, the PM or an organelle.
Ca2+ is about ten-times smaller than most molecular messen-
gers like cAMP or IP3, and might therefore be expected to diffuse
more quickly. However, cytoplasm contains high concentrations
of molecules that bind Ca2+. Each Ca2+ ion therefore spends at
least 99% of the time bound to a larger molecule [15]. This slows
the apparent diffusion of Ca2+ (apparent diffusion coefﬁcient, D
∼13 m2/s) and it extends the duration of Ca2+ signals because Ca2+
pumps can capture Ca2+ only when it is free. Most other messen-
gers, including IP3 (D ∼280 m2/s) [16] and cAMP (D ∼270 m2/s)
[17] diffuse freely, unrestrained by appreciable buffering. These dif-
ferences are important. Messengers like IP3 and cAMP will quickly
distribute throughout a cell unless they encounter barriers of
degradative enzymes. Ca2+, by contrast, can establish steep con-
centration gradients across sub-m distances around the mouths
of open Ca2+ channels without requirement for active sequestra-
tion mechanisms [16]. In summary, the sphere of inﬂuence of a
freely diffusing messenger like IP3 can be spatially restricted within
a typical cell only if degradative enzymes intercept it. Steep Ca2+
concentration gradients around the mouths of open Ca2+ channels
are an inescapable consequence of the rapid rate at which these
channels deliver Ca2+ to the cytosol and the presence of high con-
centrations of cytosolic Ca2+ buffers. The presence of such steep
Ca2+ gradients around each active Ca2+ channel is important. It
allows each channel independently to establish a signalling gra-
dient within which different Ca2+ sensors can be differentially
activated. There are two obvious advantages. First, Ca2+-sensors
positioned near a channel can have relatively low afﬁnity for Ca2+.
This allows them to respond rapidly (because Ca2+ can associate and
dissociate rapidly) and it improves ﬁdelity by allowing robust acti-
vation when the channel opens, but minimal spontaneous activity
at rest [4].  Second, it allows each channel to direct its Ca2+ to speciﬁc
targets. Ca2+ entering the cell via one channel may  thereby evoke a
different response to Ca2+ entering via another. Indeed, as Catter-
all argues, the observation that association of Ca2+ channels with
their effector systems often enhances channel activity may  provide
a ‘proof-reading’ function by ensuring that channels best placed to
deliver Ca2+ to their targets are also the most likely to respond [18].
Both features – the afﬁnity of Ca2+-sensors and local delivery of Ca2+
signals – contribute to the spatiotemporal complexity of cytosolic
Ca2+ signals that underpins the versatility of Ca2+ as an intracellular
messenger [9].
2. Ca2+ regulation of Ca2+ channels
Most Ca2+ channels, with the exception of the two-pore chan-
nels (TPC) gated by nicotinic acid adenine dinucleotide phosphate
(NAADP) (see below), are also regulated by cytosolic Ca2+. Inhibi-
tion by Ca2+ is almost universal, but many Ca2+ channels, including
IP3R [3,19],  ryanodine receptors (RyR) [20] and some voltage-gated
Ca2+ channels (Cav) [18], are also stimulated by appropriate Ca2+
signals. This Ca2+ regulation of Ca2+ channels increases the versatil-
ity of Ca2+ signals in several ways. First, by allowing rapid feedback
regulation of a Ca2+ channel by the Ca2+ passing through, it can
determine the duration and spatial spread of the resulting Ca2+ sig-
nal. CaM anchored to Cav, for example, allows regulation of Cav by
Ca2+ [21,22].  This provides a striking example of selective decoding
of Ca2+ signals, wherein channel regulation by the C-lobe of CaM
is achieved by Ca2+ delivered from the associated channel, while
the N-lobe is regulated by global Ca signals (Fig. 2A). Because the
two  lobes are less than 6 nm apart, this selective decoding cannot
be due to each sensing a different microenvironment, but instead
results from the different kinetics of Ca2+ binding/dissociation [23].
174 V. Konieczny et al. / Seminars in Cell & Devel
Fig. 2. Ca2+ regulation of Ca2+ channels. (A) The two lobes (N and C) of CaM bound to
Cav2.1 selectively respond to Ca2+ passing through the channel (C-lobe) or to more
global Ca2+ signals (N-lobe) to cause facilitation and inhibition of channel activity,
respectively. (B) Co-regulation of the IP3R by IP3 and Ca2+ allows IP3R to behave
as  molecular coincidence detectors. LTD of synapses between parallel ﬁbres and
cerebellar Purkinje neurons requires almost coincident activation of glutaminergic
parallel and climbing ﬁbres. The former leads to activation of metabotropic gluta-
mate receptors (mGluR) and thereby IP3 formation in the dendritic spines. Activation
of  AMPA receptors by the climbing ﬁbre causes depolarization, activation of Cav and
Ca2+ entry into the spine. Coincident delivery of the two  stimuli, IP3 and Ca2+, is pro-
posed to activate IP3R and thereby initiate LTD. (C) TPC expressed in acidic organelles
(e.g., lysosomes) is activated by NAADP and releases Ca2+ that can trigger further Ca2+
release by CICR from either IP3R or RyR. (D) IP3 causes clustering of IP3R that both
re-tunes their regulation by Ca2+ and positions them to allow Ca2+-mediated inter-
actions between neighbours. At the lowest concentrations of IP3R (top) openings of
single IP3R evoke Ca2+ blips. As the IP3 concentration increases, IP3R cluster and as it
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TPCs and RyR/IP R in different cells [31]; the likely ability of ADP-ncreases further, Ca2+ released by one active IP3R can ignite its neighbours by CICR
o  give a Ca2+ puff. Higher concentrations of IP3 evoke regenerative Ca2+ waves.
ocal and global decoding of Ca2+ signals by the C- and N-lobes
f CaM, respectively, appears to be universal, but the responses
voked by Ca2+ binding to each lobe differ between different Cav.
he most impressive example of versatility is provided by presy-
aptic P/Q-type Ca2+ channels (Cav2.1), where local Ca2+ signals
cting via the C-lobe of CaM facilitate activity, while global Ca2+ sig-
als acting via the N-lobe inhibit activity [18,21]. At other Cav (e.g.,
av1.2), Ca2+-CaM causes only inhibition [18]. Additional examples
f local regulation of Ca2+ channels by the Ca2+ passing through
hem are provided by store-operated Ca2+ entry (Section 4) and
P3R (discussed below).
Second, Ca2+ regulation of Ca2+ channels can allow signal inte-
ration. The gate of the IP3R opens only after the receptor binds
oth IP3 and Ca2+; IP3 effectively tunes the Ca2+-sensitivity of IP3R
19,24]. This may  allow IP3R to function as molecular coincidence
etectors. In cerebellar Purkinje cells, for example, near-coincident
ctivation of parallel and climbing ﬁbres evokes long-term depres-
ion (LTD) of synaptic transmission between the parallel ﬁbre
nd Purkinje cell. Stimulation of parallel ﬁbres triggers glutamateopmental Biology 23 (2012) 172– 180
release, activation of metabotropic glutamate receptors, and
thereby formation of IP3 within synaptic spines of Purkinje cells.
Glutamate released from the climbing ﬁbre activates AMPA recep-
tors and the resulting more widespread depolarization opens
voltage-gated Ca2+ channels, and thereby increases the cytoso-
lic free Ca2+ concentration ([Ca2+]c). Near-coincident delivery of
the two  stimuli, ideally IP3 followed after ∼100 ms by Ca2+, acti-
vates IP3R within individual spines and this is proposed to provide
a key integrative step in initiating LTD [25,26]. In this scheme,
the IP3R is the ﬁrst point at which messengers generated by the
two  stimuli required for LTD (activation of parallel and climbing
ﬁbres) converge to elicit a single signal, IP3-evoked Ca2+ release
(Fig. 2B).
Finally, regenerative recruitment of Ca2+ channel activity by
Ca2+-induced Ca2+ release (CICR) can allow small Ca2+ local signals
evoked by opening of a single channel to grow into larger events.
We consider only two speciﬁc examples of such recruitment: the
growth of IP3-evoked Ca2+ signals into regenerative Ca2+ waves
[27], and the role of a recently discovered family of Ca2+ chan-
nels that are expressed in acidic organelles and gated by NAADP
in triggering Ca2+ release from the ER [28].
Lee and Aarhus [29] established that NAADP can release Ca2+
from an intracellular store distinct from the ER, and subsequent
work established that in many animal cells, acidic organelles, lyso-
somes and/or endosomes, are the source of this Ca2+ [30,31].  Only
recently have two-pore channels (TPC) been shown to form the
channels gated by NAADP [32–34].  TPCs are expressed in the mem-
branes of acidic organelles; their over-expression enhances both
NAADP-evoked Ca2+ release and 32P-NAADP binding; responses
are diminished when TPC expression is reduced; partially puri-
ﬁed TPC reconstituted into lipid bilayers mediates NAADP-evoked
currents; and TPC2 re-directed to the PM by removal of its lyso-
somal targeting sequence forms NAADP-gated channels that can
be detected by patch-clamp recording [32,33,35–37]. Collectively,
these observations indicate that TPCs expressed in the membranes
of acidic organelles are essential components of the channel gated
by NAADP. Furthermore, a point mutation within the putative
pore of TPC2 affects the conductance of the NAADP-gated channel
showing that TPCs are pore-forming subunits of the NAADP-gated
intracellular Ca2+ channel [35].
Despite this persuasive evidence that TPCs residing in mem-
branes of acidic organelles are the primary targets of NAADP, it
is clear that within intact cells the Ca2+ signals evoked by NAADP
are often substantially attenuated by inhibition of either IP3R
[33,38,39] or RyR [35,40]. This and additional evidence led some
to conclude that RyR may  directly respond to NAADP [41,42]. Our
recent work suggests that this is unlikely because in cells expressing
TPC2 the Ca2+ signals evoked by NAADP are abolished by deplet-
ing acidic stores of Ca2+, and substantially attenuated by inhibition
of RyR, whereas when TPC2 is re-directed to the PM responses are
entirely dependent on extracellular Ca2+ and insensitive to ryan-
odine [35]. These results, and temporal separation of the ‘trigger’
and ‘ampliﬁed’ responses to NAADP [31], establish that the involve-
ment of RyR in responses to NAADP is secondary to activation of
TPCs. This is consistent with considerable evidence showing that
although cytosolic Ca2+ appears not to regulate responses to NAADP
itself [43], Ca2+ released by NAADP triggers further Ca2+ release via
CICR from Ca2+ channels, IP3R and/or RyR, within the ER [28,44,45]
(Fig. 2C). The functional signiﬁcance of this ‘chatter’ [28] between
channels within distinct organelles is relatively unexplored. Dif-
ferential targeting of TPC subtypes to different acidic organelles
(endosomes and lysosomes) [39]; differential coupling between3
ribosyl cyclases to synthesise both cADP ribose, an agonist of RyR,
and NAADP; and the motility of lysosomes, endosomes and ER pro-
vide enormous scope to tailor the interactions to meet cell-speciﬁc
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eeds for endolysosomal trafﬁcking [46], endolysosomal functions,
nd Ca2+ signalling more generally.
High-resolution optical analyses of intact cells show that a
ierarchical recruitment of elementary Ca2+ release events allows
P3-evoked Ca2+ signals to operate locally or globally [27,47–50].
he smallest events, a ‘Ca2+ blips’, reﬂect random openings of sin-
le IP3R. Larger and more long-lasting local Ca2+ signals, ‘Ca2+
uffs’, result from the near-simultaneous opening of several closely
paced IP3R. As the stimulus intensity (and so the intracellular IP3
oncentration) increases further, Ca2+ puffs become more frequent
nd they can then initiate regenerative Ca2+ waves as Ca2+ diffusing
rom one puff site ignites the activity of another (Fig. 2D). Each of the
any schemes invoked to explain this recruitment of IP3R acknowl-
dges the importance of their co-regulation by IP3 and Ca2+ [3],  and
f Ca2+ diffusion between IP3R in mediating the regenerative prop-
gation of Ca2+ signals. Clearly then, the spacing of IP3R within ER
embranes is likely to be an important determinant of whether
a2+ released by one IP3R ignites the activity of another. Our recent
ork suggests that, in addition to its role in regulating IP3R gating,
P3 may  also inﬂuence signal propagation by regulating IP3R clus-
ering and thereby both the separation of IP3R and their regulation
y IP3 and Ca2+ [51,52]. Our results, which have proved contro-
ersial [50], challenge a prevailing view that Ca2+ puffs arise from
re-assembled clusters of IP3R by suggesting that such clusters may
ssemble ‘on-demand’ in response to IP3.
It is generally impracticable to obtain single-channel electri-
al records from ion channels in ER membranes, but the outer
uclear envelope is continuous with the ER and more amenable
o patch-clamp recording [53]. Using patch-clamp recording from
he outer nuclear envelope of DT40 cells lacking endogenous IP3R
ut expressing rat IP3R1 or IP3R3, we showed that IP3 causes IP3R
apidly and reversibly to aggregate into small clusters of about four
P3R [51]. Within these clusters, IP3R behave differently from lone
P3R. Brieﬂy our evidence is as follows. First, within naive nuclei,
P3R are randomly distributed. After treatment with IP3 there is no
hange in the number of IP3R, but their distribution is different:
ost patches have no IP3R, and a few have larger numbers. Second,
he behaviour of IP3R is different when a patch fortuitously includes
nly one IP3R compared to patches with several. Under conditions
esigned to mimic  cytosol but with K+ as charge-carrier (to avoid
eedback effects from permeating Ca2+), the open probability (Po)
nd mean channel open time (o) of a lone IP3R are about twice that
f a clustered IP3R. The latter are also slightly less sensitive to IP3.
his clustering and inhibition occur relatively rapidly (∼1–2 s) after
ddition of IP3, they are reversible and occur at lower concentra-
ions of IP3 than are required to gate the channel. Clustering is not
ffected by the nature of the permeating cation or the direction of
on ﬂow through the channel. This demonstrates that cytosolic Ca2+
s not the signal that causes IP3R to cluster. Furthermore, we ﬁnd
o evidence to implicate the cytoskeleton in IP3-evoked cluster-
ng. Instead, and consistent with rates of IP3R3 diffusion measured
y ﬂuorescence recovery after photobleaching (FRAP) [7],  diffusion
eems fast enough to mediate clustering. Details of this and addi-
ional evidence for our suggestion that IP3 causes IP3R to cluster
re provided in recent reviews [53,54].
At resting [Ca2+]c, therefore, rapid and reversible IP3-evoked
ssociation of one IP3R with another attenuates channel activity.
ncreasing [Ca2+]c to 1 M (to mimic  the [Ca2+]c within a clus-
er containing an active IP3R) almost doubled Po of a lone IP3R
ctivated by IP3, but it caused an almost 4-fold increase in the
ctivity of clustered IP3R. Hence, by ﬁrst suppressing activity as
P3R cluster at resting [Ca2+]c and then reversing it when [Ca2+]c
s increased, clustering increases the impact of Ca2+ regulation.
P3 causes lone IP3R, separated by ∼1 m and so effectively insu-
ated from each others’ activities by cytosolic Ca2+ buffers, rapidly
nd reversibly to assemble into clusters. Within these clusters ofopmental Biology 23 (2012) 172– 180 175
about four IP3R, the pores are probably separated by ∼20 nm (the
diameter of an IP3R). Now Ca2+ released by one IP3R will imme-
diately inﬂuence its neighbours. Clustered IP3R are therefore more
likely to experience increased [Ca2+]c because their neighbours may
release Ca2+, but they are also tuned to respond better to it. We
suggest that clustering, by ﬁrst suppressing IP3R activity, increases
the impact of a subsequent increase in local [Ca2+]c and thereby
allows the explosive release of Ca2+ that generates a Ca2+ puff
(Fig. 2D). Others, noting that elementary Ca2+ release events often
originate from relatively ﬁxed locations, have questioned the rele-
vance of our observations to the genesis of Ca2+ puffs [50,55].  These
observations are themselves difﬁcult to reconcile with considerable
evidence that most IP3R are mobile within ER membranes (summa-
rized in [7]). An outstanding issue, therefore, is to resolve whether
the immobility of the sites from which Ca2+ puffs originate reﬂect
immobile clusters of IP3R, or immobile sites around which freely
diffusing IP3R preferentially cluster in response to IP3.
Ca2+ regulation of Ca2+ channels is a unique and almost universal
feature of Ca2+ signalling pathways and, as our selected examples
illustrate, it plays important roles in establishing their spatial orga-
nization. Via feedback interactions it can determine the duration
of channel activity, it can allow integrative interplay between dif-
ferent sources of Ca2+ and thereby coincidence detection, and via
CICR it contributes to the growth of Ca2+ signals from local to global
events (Fig. 2).
3. Interactions between signalling proteins
All Ca2+ signalling pathways begin and end with conformational
changes in proteins. These processes are linked by small, diffusible
messengers, like cAMP, IP3 and Ca2+ itself, and by interactions
between proteins. In this section, we  consider two distinctive roles
of these proteins in deﬁning the spatial organization of Ca2+ signals.
First, they can function as scaffolds, assembling signalling proteins
into complexes that allow spatially restricted transfer of informa-
tion between them [2] (Section 3.1). Second, interactions between
signalling proteins can directly transmit information. Many Ca2+
channels are modulated in this way by associated proteins respond-
ing to intracellular signals: IP3R responding to the redox state of
the ER lumen via their association with ERp54 protein [56] or Cav
responding to Ca2+ via associated CaM (Section 2), for example.
But the most striking of these interactions, at least insofar as they
relate to spatial organization, involve communication between pro-
teins in different membranes. Such interactions allow, for example,
depolarization of the PM of skeletal muscle to evoke Ca2+ release
from the sarcoplasmic reticulum (SR) by ‘conformational coupling’
of the voltage-sensing Cav1.1 to opening of RyR1 in the SR [18].
Information can also pass, via protein–protein interactions, in the
opposite direction from the ER to the PM to allow activation of
store-operated Ca2+ entry (Section 3.2).
3.1. Scaffold proteins organize Ca2+ signalling pathways
In this section we consider three examples where complexes of
signalling proteins allow targeted delivery of diffusible messengers
to their effectors, two of which clearly require scaffold proteins.
Three mammalian genes and their splice variants encode Homer
proteins, each of which has an N-terminal sequence that mediates
interactions with various Ca2+ signalling proteins, including Cav1,
IP3R, RyR, PLC, metabotropic glutamate receptors (mGluR1 and
5), transient receptor potential channel C1 (TRPC1), and another
scaffold protein, Shank [57]. The C-terminal tails of the long forms
of Homer allow its assembly into tetramers; their interactions with
other proteins then form networks of associated signalling proteins.
The short form of Homer (Homer 1a), which is rapidly expressed
1  Developmental Biology 23 (2012) 172– 180
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Fig. 3. Interactions between Ca2+ signalling proteins. (A) The oligomeric scaffold
protein, Homer, tethers metabotropic glutamate receptors (mGluR) to IP3R and,
via another scaffold protein, Shank, to additional Ca2+ signalling proteins, includ-
ing PLC. (B) Association of AC6 with IP3R2 allows cAMP to be delivered directly
and  at high local concentration to IP3R, increasing their sensitivity to IP3. Each of
these AC–IP3R junctions operates as an on–off switch. The concentration-dependent
effects of stimuli (like PTH) that activate AC are proposed to arise from recruitment
of  hyperactive junctions rather than by graded increases in activity within individual
junctions (lower panel). (C) Phosphorylation of Cav1 by PKA increases its sensitiv-
ity to depolarization. AKAP assembles various proteins involved in cAMP signalling,76 V. Konieczny et al. / Seminars in Cell &
fter stress or intense stimulation, disrupts these interactions. Here
e focus on Homers at the post-synaptic density (PSD) and their
ole in facilitating IP3-mediated communication between mGluR
nd IP3R in neurons [58,59].
Shank 2, a scaffold protein within the PSD, binds both PLC3
nd Homer 1b [60], while the latter binds both mGluR1/5 and
P3R1 [61]. The two scaffolding proteins contribute to trafﬁcking of
GluR to and from the PM [62,63],  and Shank, via its indirect inter-
ctions with numerous additional signalling proteins (e.g., NMDA
nd AMPA receptors, neuronal nitric oxide synthase and K+ chan-
els), brings the mGluR/IP3R signalling complex into association
ith other Ca2+ signalling proteins [64]. Disruption of the Shank
-PLC3  interaction attenuates mGluR-evoked Ca2+ signals in hip-
ocampal cells [60], while over-expression of Shank 1B increases
GluR-evoked Ca2+ release [65]. The effects of Homer expression
n Ca2+ signals are complex [57], not least because assembly of
he signalling complexes also inﬂuences mGluR trafﬁcking and the
orphology of dendritic spines [65]. Nevertheless, there is evi-
ence that over-expression of the long (oligomerizing) forms of
omer increase both the rate and amplitude of mGluR-evoked
a2+ signals, while the short (Homer 1a, ‘dominant negative’) form
ttenuates signalling [61,62]. At its simplest, therefore, we can
nvisage that Homer and Shank, by assembling mGluR, PLC and
P3R1 into a signalling network, facilitate communication between
hese proteins allowing mGluR to promote rapid delivery of IP3 to
P3R (Fig. 3A). Additional complexity comes from dynamic regula-
ion of the interactions. Rapid expression of Homer 1a after intense
timulation can disrupt the network [66] and phosphorylation of
omer 3 by Ca2+-CaM-dependent protein kinase II (CaMKII), itself
ctivated by depolarization-evoked Ca2+ entry via Cav2.2, attenu-
tes Homer binding to mGluR1 [67].
While Homer and Shank contribute to effective delivery of IP3
o IP3R, our recent work suggests that an intimate association
etween IP3R2 and type 6 adenylyl cyclase (AC6) allows deliv-
ry of cAMP to IP3R [68]. IP3-evoked Ca2+ release via each of the
hree subtypes of IP3R is potentiated by cAMP, apparently act-
ng without requirement for either of the conventional targets of
AMP, cAMP-dependent protein kinase (PKA) and exchange pro-
eins activated by cAMP (epacs) [69]. In HEK cells, activation of
ither -adrenoceptors or heterologously expressed receptors for
arathyroid hormone (PTH), causes both stimulation of AC and
otentiation of the Ca2+ signals evoked by receptors that stimu-
ate PLC [68]. Despite persuasive evidence that the potentiation of
P3-evoked Ca2+ release is entirely mediated by cAMP, the amounts
f cAMP produced by activation of these receptors would, if uni-
ormly distributed throughout the cell, be insufﬁcient to affect IP3R
ctivity. Furthermore, substantial inhibition of AC activity fails to
ffect the responses evoked by even submaximal activation of the
eceptors that cause potentiation [68]. Finally, AC6 and IP3R2 are
peciﬁcally associated, and reducing expression of either selec-
ively attenuates the potentiation of IP3-evoked Ca2+ signals by
TH. These observations led us to propose a novel mode of sig-
alling between AC and IP3R, where cAMP is directly delivered to
P3R at high local concentrations within synapse-like ‘junctions’
etween AC6 and IP3R2 (Fig. 3B). Whether AC6 and IP3R2 directly
nteract or are tethered by a scaffold protein is unresolved. An
mportant feature of our scheme, which may  perhaps apply to other
ignalling pathways too, is that within each junction, cAMP is deliv-
red directly and at a super-saturating concentration to associated
P3R. Each junction therefore behaves as a robust ‘on–off’ switch.
raded cellular responses to increasing concentrations of PTH come
rom recruitment of junctions, rather than from graded changes of
ctivity within individual junctions (Fig. 3B).
Scaffold proteins, most notably AKAPs, also play widespread
oles in coordinating cAMP signalling pathways. There are more
han 50 AKAPs, each of which binds the regulatory subunit ofincluding 2-adrenoceptors (2AR), AC, PKA, cyclic nucleotide phosphodiesterases
(PDE) and protein phosphatases 2A and 2B (PP2) around Cav1. The signalling com-
plex allows rapid and receptor-speciﬁc regulation of Cav activity via cAMP.
PKA and many additional signalling proteins [70]. Here we  focus
2+on interactions between AKAP and L-type Ca channels (Cav1),
which control muscle contraction, hormone secretion and neu-
ronal excitability. PKA-mediated phosphorylation of Cav1 increases
its sensitivity to depolarization, and dephosphorylation by protein
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hosphatases 2A (PP2A) and PP2B reverses the effect. Each of
he signalling proteins (2-adrenoceptors, Gs, AC5/6, PKA, Cav1.2,
yclic nucleotide phosphodiesterases and PP2B) that transmits
nformation from the extracellular stimulus, adrenaline or nora-
renaline, to the L-type Ca2+ channel associates directly or via inter-
ediary proteins with AKAPs. These interactions allow local sig-
alling via cAMP. Different AC-coupled receptors can thereby direct
heir cAMP to different targets. In heart, for example, prostaglandin
nd 1-adrenoceptors stimulate AC, but only the latter potenti-
tes Cav1.2 activity. Scaffolding of signalling proteins also increases
he speed of communication allowing rapid potentiation of
epolarization-evoked Ca2+ entry by 2-adrenoceptors in skeletal
uscle (Cav1.1, AKAP15), heart (Cav1.2, and AKAP15/AKAP150) and
eurons (Cav1.2, AKAP150) [71,72] (Fig. 3C).
In summary, interactions between proteins, whether direct or
ided by scaffold proteins, can direct diffusible messengers to spe-
iﬁc targets and constrain interactions between signalling proteins.
he advantages include speed, robustness and opportunities for
rivate interactions between speciﬁc receptors and intracellular
argets.
.2. Signalling via protein–protein interactions
Store-operated Ca2+ entry (SOCE), a feature of most eukary-
tic cells, is initiated when the free Ca2+ concentration within
he ER falls, and it culminates in the opening of Ca2+-permeable
hannels in the PM [73,74]. The resulting Ca2+ entry allows both
eﬁlling of the intracellular Ca2+ stores (and thereby termination of
he initiating signal for SOCE) and it generates local Ca2+ signals
hat selectively regulate intracellular events. SOCE can be acti-
ated by pharmacologically reducing the luminal free [Ca2+] of the
R. But under physiological conditions, activation of intracellular
a2+ channels, notably IP3R, links receptors in the PM to activa-
ion of SOCE. Sustained SOCE then requires sustained depletion of
he stores and so sustained activation of IP3R. In many cells, but
otably lymphocytes and mast cells, the current (ICRAC) underlying
OCE has a tiny unitary Ca2+ conductance (perhaps as low as 9 fS
nder physiological conditions) [75,76] and, with extracellular Ca2+
resent, it is very selective for Ca2+ over K+ [77]. The Ca2+-selectivity
nd exceptionally small conductance of ICRAC channels suggest that
t resting membrane potentials each open channel may  conduct
nly about 6000 Ca2+/s (∼2 fA). The tiny Ca2+ ﬂux through each
hannel and the observation that activation may  involve an almost
ll-or-nothing switching of individual channels from silent to very
ctive states (open probability, Po ∼0.8) are signiﬁcant for the spa-
ial organization of the resulting Ca2+ signals (Section 4).
A major challenge, only recently resolved, has been to iden-
ify the signals that link events within the ER lumen to a channel
n the PM [74]. The two key components are now clear [78,79].
rai proteins (Orai1-3 in vertebrates) are the pore-forming sub-
nits of the SOCE channel [80,81].  These proteins are thought to
ave four transmembrane-domains (TMD), and to assemble into
etramers with a central pore lined by residues from TMD1 [82].
hether functional ICRAC channels pre-exist as tetramers or assem-
le on-demand from dimers is unresolved [83,84]. STIM proteins
stromal interaction molecule, STIM1-2 in vertebrates) expressed
n ER membranes provide the link between the ER and Orai [85].
 relatively low-afﬁnity Ca2+-binding site on an EF-hand near the
uminal N-terminal of STIM1 sheds its Ca2+ when the luminal Ca2+
alls [86]. This causes STIM1 to aggregate rapidly. Within tens of
econds, STIM1 clusters then associate via their basic C-terminal
ails with phospholipids in the PM and so assemble into puncta in
egions of the ER that lie very close to the PM (‘ER–PM junctions’)
87]. ER–PM junctions may  themselves be maintained by additional
roteins, like junctate [88]. Unmasking of a cytosolic domain within
he C-terminal tail of STIM1 (the CRAC-activation domain, CAD)opmental Biology 23 (2012) 172– 180 177
allows it to bind directly to Orai1 to promote both its recruitment
to the STIM1 clusters and the channel gating that allows focal Ca2+
entry [89]. An additional cytosolic protein with EF-hands, CRACR2A,
stabilizes the association of STIM1 with Orai1 [90]. The initial aggre-
gation of STIM1 is the critical event, because enforced clustering,
without store depletion, can drive all the subsequent steps [91].
The key roles of Orai1 and STIM1 in mediating SOCE are
supported by abundant experimental evidence [74,78,87] and
underscored by the severity of the human disease, severe combined
immune deﬁciency syndrome (SCID), caused by mutations in either
protein [92,93]. Persistent controversies within the ﬁeld, including
the contribution of transient receptor potential (TRP) proteins to
SOCE [94,95] and the possible intervention of diffusible messen-
gers between STIM1 and Orai1 [96], lie beyond the scope of this
review. It is, however, germane to consider why SOCE should be
regulated by conformational coupling between proteins within ER
membranes and the PM,  with attendant slow activation as pro-
teins diffuse within membranes, rather than by means of rapidly
diffusing messengers. The relatively high-afﬁnity of STIM1 for Ca2+
suggests that it is likely to activate SOCE only after substantial loss
of Ca2+ from the ER, yet physiological stimuli evoke Ca2+ oscilla-
tions that are sustained by SOCE without massively depleting the
ER of Ca2+ [97]. Such stimuli probably cause substantial loss of Ca2+
from a component of the ER closely associated with the machinery
responsible for IP3 formation. Each ER–PM junction within which
STIM and Orai interact may  therefore operate as an autonomous
unit within a cell. The autonomy is perhaps most easily maintained
by using protein–protein interactions (STIM1–Orai), rather than
diffusible messengers, to mediate communication between the ER
and PM.  Having each SOCE junction operate independently brings
considerable potential beneﬁts. It would allow SOCE to operate
while most ER retains the Ca2+ it needs to sustain other functions
like protein folding; it may  allow local oscillatory activation of
SOCE with the many advantages that brings for digital signalling
to proteins regulated by SOCE [97]; and allow other proteins and
organelles that interact with Ca2+ entering the cell via SOCE to be
concentrated into speciﬁc signalling complexes (Section 4).
4. Store-operated Ca2+ entry: integrating behaviour over
different spatial dimensions
SOCE illustrates how the generation of a Ca2+ signal is orga-
nized at spatially distinct levels. Physical coupling of proteins in
the ER (STIM1) and PM (Orai) allows local regulation of SOCE (Sec-
tion 3.2), but assembly of many other Ca2+-handling proteins and
organelles around sites of SOCE interact with the resulting Ca2+
signals in different (nm-m) spatial domains.
The most intimate of the Ca2+ signalling domains affected by
SOCE (<5 nm from the pore) allows Ca2+ passing through an open
CRAC channel rapidly to inhibit that channel without directly
affecting its neighbours [75]. This inhibition requires both a stretch
of acidic residues within the cytosolic C-terminal of STIM 1 (the
‘inactivation domain’) and Ca2+ binding to CaM bound directly to
Orai [98]. The details are not entirely clear, but apo-CaM is prob-
ably tethered to the Orai–STIM complex, and then as Ca2+ passes
through the pore and binds to the CaM, the Ca2+-CaM rapidly binds
to the N-terminal of Orai. The essential role of the STIM inactiva-
tion domain is less clear: it may  be involved in tethering apo-CaM
or in linking Ca2+-CaM binding to the inhibition of channel activ-
ity [98]. It is, however, clear, that a Ca2+-sensor (CaM) placed very
close to the pore of Orai allows Ca2+ passing through the channel
selectively to shut itself without interfering with other channels;
insofar as this inhibition is concerned, each CRAC channel behaves
independently [75].
Attenuation of Ca2+-evoked responses by the Ca2+ buffers, EGTA
(slow Ca2+ binding) or BAPTA (fast Ca2+ binding), is often used to
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esolve whether responses are triggered by Ca2+ signals very close
o or remote from the pore. The argument is that only the fastest
a2+ buffers can intercept Ca2+ en route to a target that is very
lose to a Ca2+ source. Such studies suggest that several proteins
re selectively activated by SOCE either because they themselves or
he Ca2+-sensors that regulate them (like CaM) lie within ∼100 nm
f the CRAC pore. Examples include Ca2+-regulated isoforms of
C [99], endothelial nitric oxide synthase [100], phospholipase
2 and 5-lipoxygenase [101], the plasma membrane Ca2+-ATPase
PMCA), and the transcription factors NFAT [102] and c-fos [103].
hese examples illustrate the next level of local Ca2+ signalling
y SOCE. Relatively low-afﬁnity Ca2+-sensors positioned within
bout 100 nm of CRAC channels are selectively regulated by the
icrodomains of high [Ca2+]c generated within the immediate
icinity of open channels.
Additional processes respond to the increased [Ca2+]c further
100 s of nm)  from the CRAC channel, and thereby respond to the
ollective Ca2+ ﬂux through many different CRAC channels [104].
low feedback inhibition of ICRAC, by mechanisms that are not
ully understood, operates in this spatial domain and allows active
RAC channels to slowly inhibit their neighbours. Mitochondria
lso operate here [105], accumulating Ca2+ via their low-afﬁnity
niporter [11], which thereby stimulates ATP formation [106] and
ustains SOCE by limiting feedback inhibition by Ca2+ [107]. The
R/ER-Ca2+-ATPase (SERCA) within the ER membrane also operates
ithin this neighbourhood of CRAC channels [108]. By sequester-
ng cytosolic Ca2+, SERCA can, like mitochondria, alleviate feedback
nhibition of SOCE, but it ultimately terminates SOCE by allow-
ng the ER to reﬁll with Ca2+. The relationship between SERCA and
OCE, which varies between cells, can be sufﬁcient to allow the ER
o reﬁll, at least under some conditions, without detectable eleva-
ion of the global [Ca2+]c [108]. This raises the intriguing possibility
hat under physiological conditions Ca2+ entering cells via SOCE
ay reach its targets either directly (proteins near to Orai) or after
ccumulation within the ER and, in the continued presence of IP3,
elease via IP3R to generate a Ca2+ signal within a different spatial
omain.
. Conclusions
Spatial organization, an essential feature of all biological sys-
ems, deﬁnes communication routes between the component parts
f these systems. Here we have considered the importance of spa-
ially organized Ca2+ signals in providing the versatility that allows
hanges in the concentration of this simple cation to regulate
electively an enormous diversity of cellular processes [109]. The
resence within cells of high concentrations of Ca2+ buffers, rapid
uxes of Ca2+ through Ca2+ channels, and the brief durations of
hannel openings ensure that steep Ca2+ concentration gradients
ith subcellular dimensions can be established around the open
ores of Ca2+ channels. This allows Ca2+ signals to be selectively
elivered to different parts of a cell and thereby to regulate different
esponses. Regulation of Ca2+ channels by Ca2+ plays an important
art in controlling the spatial spread of Ca2+ signals. Interactions
etween proteins serve both to direct diffusible messengers, like
P3 or cAMP, towards speciﬁc targets and they directly mediate
nformation transfer between proteins. The versatility of Ca2+ as an
ntracellular messenger depends largely on the resulting spatially
rganized Ca2+ signals.
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